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INTRODUCTION
The Federal Water Pollution Control Act Amendments of 1972 (PL 92-
500) mandated in Section 208 that each state develop a water quality plan
which would include agriculture. With assistance from the Environmental
Protection Agency, states are working out details for management of non-
point pollution sources.
Current understanding of field-to-stream relationships related to
sediment, nutrient and pesticide transport is particularly deficient. It
is these transport processes in which nonpoint pollution modelers are
specifically interested.
The Agricultural Engineering Department at Iowa State University, in
cooperation with the Agronomy Department; Hydrocomp Incorporated, Palo
Alto, California; and the Environmental Protection Agency Environmental
Research Laboratory, Athens, GA, embarked on a three year project for the
"Development and Testing of Mathematical Models as Management Tools for
Agricultural Nonpoint Pollution Control," in 1975. This project was to
provide information on chemical and physical processes and properties of
water, soil, nutrients, and pesticides.
The site selected for this project was the Four Mile Creek basin,
northwestern Tama County, Iowa (Figure 1). This site was chosen because
it is located where It is believed there are problems related to agricul
tural nonpoint sources of pollution, and this north-central region of the
United States la a major producer of the nationU food. Also, there are
U.S. Geological Survey data on runoff and sediment losses available for
this area for the years 1962 to 1974, except for 1968 and 1969. Nitrogen
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loas data are available for the years 1971 through 1973. Also, aerial
photographs and cropping, fertilizer and pesticide surveys have been
made for 1971-1973.
In July 1976, an addendxim to the original proposal was made to better
define the transport of sediment from the field to the major waterways,
and the transport of sediment within the waterways to perennial streams.
Additional information was needed about particle size distribution of
eroded sediment and channel cross sections.
The needs concerning sediment transport provided the impetus for
these studies. Since great numbers of samples were to be analyzed it was
necessary to use a quick but precise method of analysis. An instrument
(Sedigraph 5000^) which utilizes a collimated beam of x-rays to detect
particle size was chosen for the job. Its comparison with conventional
analysis methods is also discussed here.
PART I. SEDIMENT TRANSPORT FROM FIELD TO STREAM;
PARTICLE SIZE AND YIELD
INTRODUCTION
The transport of sediment by water has been studied and docximented
since at least 1808 (Inter-Agency Committee on Water Resources, 1940).
Sediment originating from soil erosion is now regarded as the major
pollutant of natural resources from a quantitative standpoint (Oschwald,
1972). This recognition of sediment as a pollutant has stemmed from
increased environmental concerns over the past decade related to the
sorption and transport of chemical constituents on sediments.
The term sediment must be defined. Sediments (fluvial) are solid
materials that have a specific gravity greater than 1.00 that will settle
in a column of quiescent water due to the gravitational force (Culbertson,
1977). Fluvial sediment, as defined by Colby (1963), is sediment that
is transported by, or suspended in, water, or that has been deposited in
beds by water. The kinds of materials, physical sizes of materials, and
their general mode of transport in a flowing stream which can be either
mineral or organic, are described in Table 1.
Erosion, transport, and deposition of sediment present significant
economic and environmental problems, such as land erosion, esthetic damage
to surface waters, filling or scouring of stream channels, floodwater
damage due to sediment, sediment deposition In reservoirs and harbors,
and cost of removal of sediment from municipal and Industrial water
supplies (Antllla and Tobln, 1978). Economic aspects of these and other
problems are discussed by Haddock (1969).
Another problem of increasing Importance is the sorption on sediment
of toxic metals, pesticides, and other toxic organic compounds, nutrients,
Table 1. Kinds of materials, physical sizes of materials, and their
general mode of transport in a flowing stream
Sediment
Boulders
Cobbles
Gravel
Sand
Silt
Clay
Organic detritus
Includes leaves,
trees, biological
remains, etc.
Biota
Includes bottom
dwelling organisms
Culbertson, 1977.
Size Class
Larger then 256 mm
64 - 256 mm
2 - 64 ram
0.062 - 2 mm
0.004 - 0.062 mm
0.0002-0.004 mm
Mode of Transport
Bedload
Bedload
Bedload
Bedload or suspended
Suspended
Suspended
Bedload or suspended
Bedload or suspended
and radionucleides. Upon adsorption to sediment many of these chemicals
may then be transported. It is often assumed that transport of more
water-insoluble pesticides occurs after adsorption to the fine fraction
of eroded soil particles; however, knowledge of pesticide-sediment-water
interactions occurring within a watershed and their impact on transport,
distribution, and persistance in recipient water is limited (Pionke and
Chesters, 1973). These sorbed substances create a potential hazard to
public health when transported into a water supply or concentrated in a
depositional area (Antilla and Tobin, 1978)
The chemical and physical properties of soils are influenced by soil
constituents which have high specific surfaces or highly reactive sur
faces. The relationship between the properties of surface area and cation
exchange capacity is shown in Table 2 (Bailey and White, 1964) for sone
soil constituents. High specific surface is associated with small
particle size, therefore the colloidal fraction of the soil will be the
dominant factor influencing Interactions between pesticide molecules and
the soil (Bailey and White, 1970).
s
Table 2. Selected physical properties of soil constituents
Soil Constituent
Physical Property
Cation Exchange Capacity Surface Area
(meq/100 g) (m^/g)
Organic matter 200- 400 500-•800
Vermicullte 100- 150 600-- 800
Montmorillonlte 80- 150 600--800
Dloctahedral vermicullte 10- 150 50-- 800
Illlte 10- 40 65-- 100
Chlorite 10- 40 25-- 40
Kaolinlte 3- 15 7-30
Oxides and hydroxides 2- 6 100-- 800
Bailey and White, 1964.
Through soil erosion, soil particles are detached from the soil and
transported by water, ice, wind, or gravity. The overall process of
detachment, transportation, deposition, and consolidation is sedimentation
(Twenhofel, 1950). Transportation of sediment by water and its deposition
in water reduce the quality of water for most uses. The harmful effects
are many - some physical, some chemical, some biological (United States
Department of Agriculture, 1969).
For example, sediment deposition is associated with predicting storage
depletion rates of reservoirs and lakes, but it also affects the exchange
processes that occur at the water-bed interface. The decomposition of
organic matter, plus the release of nutrients from bottom sediments,
stimulates biological growth which in turn can cause severe oxygen deple
tion. Turbidity and deposition are key factors in a biological environ
ment's ability to function adequately and vigorously. However, pollutants
attached to sediment particles are not dispersed nor transported as
rapidly as dissolved pollutants. Large amounts of sediment rich in
nutrients or adsorbed chemicals may build up in the stream bed or reser
voir deposits awaiting a significant change in water chemistry to release
the chemical constituents into solution (Livesey, 1970).
Once sediment enters a stream system, it is usually thought of as a
public problem. Thus, responsibility for abatement is not easily determined.
Although the concept of environmental quality is difficult to define, the
absence of quality is easily recognized.
The ability to identify workable alternatives and then specify wise
choices among them is a prerequisite to a successful control program.
Economic as well as physical data are a factor in this phase of the
effort. Programs for improving environmental quality must aim at preven
ting further deterioration and at restoring the quality to a socio-
economically acceptable level (United States Department of Agriculture,
1969).
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OBJECTIVES
Additional information is needed to better define the transport of
sediment within the field to the major waterways. The objectives of this
study were:
i) to determine the size distribution of in-place field soil
particles and the size distribution of sediment (eroded soil particles)
collected en route to the stream at sampling stations,
ii) to determine the sediment contribution of the channel to
suspended sediment load, and
iii) to determine sediment yields from 5 nested watersheds, the
2
largest being 50.5 km .
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LITERATURE REVIEW
A study of the transport of sediment requires a basic understanding
of three topics:
1) sediment transport processes,
ii) channel erosion, and
iii) sediment yields.
The basic theory of each topic will be discussed in three sections
of this chapter.
Sediment Transport
The greatest quantity of pollutants In surface waters is the sediment
produced by erosion of the land. On the average, probably at least
3.628x 10^^ kg of soil material are moved from in-place each year in the
United States, transported by flowing water, and deposited at another
location. About one-fourth of this material, or more than 9.072x10^^ kg
of sediment, reaches the major streams of the United States annually from
agriculture and all other sources (United States Department of Agriculture,
1969).
Sediment in transport discolors and degrades the quality of water
for many consumptive uses. Sediment concentrations for rivers In the
United States range from 200 to 50,000 ppm (Glymph and Carlson, 1966).
The principal sources of sediment are: (a) sheet erosion by surface
runoff in which soil is more or less uniformly removed from an area
without the formation of conspicuous water channels, (b) gullying, or the
formation of channels in soil by concentrated runoff, (c) roadside erosion,
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or the washing away of material from cuts, fills, and surfaces of trans
portation lines, (d) stream channel erosion, (e) flood erosion, or the
scouring of flood-plain land by floodflows, (f) erosion from construction
activities such as those in urbanization and industrial development, (g)
mining and industrial wastes dumped into streams or left in positions
susceptible to erosion, and (h) mass wastings from landslides (United
States Department of Agriculture, 1969).
The entrainment, transportation, and subsequent deposition of a
sediment depend not only on the characteristics of the flow involved, but
also on the properties of the sediment itself. Those properties of most
importance in the sedimentation process can be divided into properties of
the particles and of the sediment as a whole. The most important property
of the sediment particle or grain is its size. The settling velocity of
a particle directly characterizes its reaction to flow, is partially
dependent on size, and ranks next to size in importance (Vanoni, 1977).
Before soil particles can be transported by a stream, they must first
travel overland. No single transport relationship for overland flow is
widely accepted. The primary factors which determine overland flow trans
port capacity are hydraulic properties of flow, physical and chemical
properties of sediment, and characteristics of the soil surface that
affect flow hydraulics (Meyer et al., 1975). Pertinent soil properties
include size, shape, and density of the individual particles and the dis
tribution of particle sizes in the sediment load (Davis et al., 1978)
Most sediment transport equations require an estimate of the flow's
velocity and shear stress. For uniform turbulent flow, the Chezy-Manning
13
equation may be used to compute velocity (Turneaure and Russell (1924):
n
where V « velocity
n " Manning roughness coefficient
K « constant
r » hydraulic radius
S « slope
The shear stress relationship for uniform flow is where Y Is the
density of the fluid, d is the depth, and S is the slope (Vanoni et al., 1961).
Transport and deposition of sediment depend on the flow rate, sedi
ment load, particle characteristics, and degree of slope curvature. As
water and sediment move down a steadily decreasing slope, the slope of
the energy gradellne flattens and the transport capacity decreases (Davis
et al., 1978). This Is best observed by applying the Bernoulli equation
to a reach of open channel and noting a decrease in elevation of the
water surface and increase in head loss. The Bernoulli equation is:
V, 2 V 1
Z- + d^ + - Z. + d« +-2_ + hf
1 1 2g 2 2 2g ^
where Z • the elevation of the channel bottom above an arbitrary datum
d • water depth
V • mean velocity
g - acceleration due to gravity
h^ " head loss between sections
The sediment that flows past concave slopes may encompass grass
waterways. As sediment laden flow impinges a grass filter, its velocity
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is decreased and its transport capacity reduced. If the transport capacity
is less than the inflow of sediment load, sediment is deposited at the
inlet of the filter medium. This deposition causes the channel slope to
increase with a resulting increase in velocity and sediment transport
capacity down the face of deposition (Hayes, 1977).
Some sediment that reaches a flowing stream is transported by water
and some may be deposited along the channel. Sediment transported by a
stream may be divided between bed load and suspended load, depending on
mode of transport. Bed load moves on or very close to the bed, but sus
pended load is maintained in the flow by turbulence (Johnson and Molden-
hauer, 1970).
Because turbulence is the most important factor in the suspension of
sediment, it is pertinent to describe it briefly. Turbulence is the
irregular motion (both speed and direction) of a moving fluid that one
observes commonly in streams and in the atmosphere. The turbulent motion
results from eddies that are swirling in an irregular manner as they are
carried along by flow. The eddies are being formed continuously by the
shearing action of the fluid, while eddies already in existence are being
dissipated into heat by viscous friction (Vanoni, 1977).
The resistance to flow at the bed is caused by the drag of the
liquid over the particles, and that drag and turbulence of the flow cause
bed materials to move along the bed or become suspended for unpredictable
periods. The upward velocity vector must overcome the gravitational force
on a particle In order for the particle to remain in suspension. Turbu
lence is greatest near the bed. Sediments, generally finer than 62 ym (silt
15
and clay size by definition), require little turbulence to maintain them
in suspension, and therefore, are transported throughout the depth of flow
at about the same concentration (Culbertson, 1977). The amount of sedi
ment in suspension is extremely variable, and depends on local hydrologic
conditions.
The suspended load in transport through a unit width of stream cross
section is determined by the product of concentration times velocity
integrated over the depth of flow. To determine suspended sediment con
centrations, most samples are taken with a depth-integrating sampler
which intercepts a representative sample in the profile while the sampler
is lowered and raised. The point Integrating sampler intercepts a water-
sediment sample at a point in the profile and enables construction of
sediment concentration curves (Johnson and Moldenhauer, 1970).
In general, the concentrations of both fine and coarse suspended
sediments within a reach of stream channel increase as flow Increases;
but the peak concentrations of fine sediment may not coincide with the
peaks of flow, and the largest runoffs do not necessarily produce the
highest concentrations of fine sediment (Colby, 1963).
The supply of coarse particles is usually greater than the stream
can transport, and the discharge of these particles is regulated mainly
by the ability of the stream to transport them (Colby, 1963). In contrast,
the capacity of a stream to transport fine particles is usually restricted
by their available supply, which is usually much less than the stream can
convey (Johnson and Moldenhauer, 1970).
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Sediment from cohesive soils consists partly of aggregates, each
consisting of countless primary particles, and partly of individual
primary particles. The size distribution of sediment as it occurs in the
field may be quite different from the size distribution of the primary
particles (sand, silt, clay fractions) that result when sediment is dis
persed, or from the size distribution of the original soil when dispersed
(Meyer et al., 1978). If the transportability of sediment is inferred
from dispersed textural characteristics rather than the actual sediment
sizes, large errors may result.
Eighty percent of the soil clay transported from upland slopes may be
in aggregated form for well-aggregated stable soils (Davis et al., 1978).
Consequently, a considerable amount of clay is deposited when these aggre
gates deposit. In contrast, clay transported as primary particles is
extremely difficult to deposit. This may be Important in the control of
nonpoint pollution, since some of the pesticides and plant nutrients are
adsorbed to the clay fraction of the soil. Effective deposition of
aggi^egates high in clay content within overland flow areas may help reduce
the detrimental effects of soil adsorbed pollutants on downstream waters.
The study of sediment transportation by streamflow is, therefore,
complex, because many variables are Involved and some of them are difficult
to express mathematically, except, perhaps, by empirical relations. The
variables relate not only to available supply of the sediment, but also
to I sizes, shapes, and densities of the particles; velocities of flow;
channel widths, depths, and slopes; bank roughness and bed configuration;
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and density, temperature, and at times even chemical composition of the
water (Colby, 1963).
Channel Erosion
The morphology of stream channel systems is highly complicated. A
meandering stream with wooded banks and riffled flow may be esthetically
pleasing, but highly inefficient for carrying large flows without exten
sive flooding (Robinson, 1971).
Erosion is a serious problem on at least 482,700 km of strearabank
according to estimates made from actual surveys (Colby, 1963). Because of
the water and sediment conveyance system, material eroded from these banks
is immediately available to cause sediment related problems. Surveys of
the intermontane region of western United States (Colby, 1963) indicate
that 66 to 90 percent of the sediment load in many of the streams comes
from streambank and streambed erosion. Johnson and Moldenhauer (1970)
found instances in Iowa where stream channel erosion contributed more than
40 percent of the sediment yield. Much of the fine sediment transported
during periods of low flow may be derived directly from channel erosion
(Colby, 1963).
Runoff from a land surface quickly concentrates into small streams,
which increase in size as they join together. Stream flows tend to erode
particles from the channel banks and beds (i.e. sizes that are not
already being carried to the full capacity of the stream (Colby, 1963).
Channel banks may be damaged basically in two ways: (a) direct
removal of material at the surface by scour, and (b) internal shear
failures resulting in sudden caving, sliding, or sloughing of large bodies
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of earth. Such shear failures may be caused by surface erosion at the
toe of the slope, general bed degragation, excessive saturation of bank
at low flows, slope angle being too steep, or earthquakes (Vanoniet al.,
1961). These channel damages may be general or local.
General channel erosion occurs when the flow of a stream has the
ability to transport much more sediment than it is already carrying. Thus,
channel erosion is common downstream from sediment-trapping reservoirs to
the point that the released water has had time to adjust its carrying
ability to the available sediment. Generally, the adjustment is made
through a combination of a decrease of ability to transport sediment and
a change in the availability of the sediment. Most natural streams are
relatively well adjusted to the sediment loads that they carry, but the
release of abnormal quantities of flow into a channel that has much fine
sediment readily available for transport in the bed and banks may result
in spectacular erosion (Colby, 1963).
Most stream channels erode locally even though their flows are in
general equilibrium with the available sediment loads. A winding stream
tends to scour the outside of bends, but much of the eroded sediment,
especially the larger particle sizes, may be quickly deposited on the
inside of bends. A stream locally constricted in width tends to erode
sediment at the narrow section during periods of high flow, but may
quickly deposit the sediment where the channel widens. Either singly or
together, the abrasive effect of flow and the softening effect of satura
tion may cause streambanks to slough into the channel and thus become
subject to rapid removal by the flow (Colby, 1963).
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When examining damaged banks in the field, it is necessary to make
the distinction between scour and shear failure, as the corrective action
to be taken is different if scour is the problem. Protective measures
such as jacks, revetments, or vegetative cover are needed to keep flow
with scouring velocity safely away from the bank material. On the other
hand, if sliding is the problem, the embankment slope should be reduced,
or an intermediate berm might be provided to increase stability; the
soil can be compacted to improve shear strength; or drainage can be
improved to reduce seepage pressures following rapid drawdown, i.e. revet
ments should be pervious (Vanoni et al., 1961).
In accordance with Section 120 of the River and Harbor Act of 1968,
the Corps of Engineers is conducting a study of the nature and scope of
damages resulting from streambank erosion throughout the United States,
with a view toward determining the need for and the feasibility of a
coordinated program of streambank protection, in the interest of reducing
damages from the deposition of sediment in reservoirs and waterways, the
destruction of channels and adjacent lands, and other adverse effects of
streambank erosion (United States Department of Agriculture. 1969).
It is important that natural river processes be thoroughly understood
in order to evaluate changes that can take place in a river or a stream
channel because of sediment transport and streamflow. Sediment carried
by a river is now receiving considerable attention because of environ
mental concerns and needs for establishing water quality standards
(Committee on Erosion and Sedimentation, Am. Geophys. Union Hydrology
Section, 1977).
20
Sediment Yields
Sediment is the consequence of a complex natural process involving
soil detachment, entrainment, transport, and deposition. Sediment yield
is the amount of soil transported from a drainage basin. It is the
portion of gross erosion (the sum of all erosion in the watershed) that is
not deposited before being transported from the watershed (Onstad et al.,
1977). Sediment yield may also be defined as the total sediment outflow
from a watershed or drainage basin, measurable at a cross section of
reference and in a specified period of time (Vanoni, 1977).
Sediment sources include upland sheet-rill erosion, gullies, stream-
banks, channels, construction sites, spoil banks, and roadsides. The
relative magnitude of these potential sources depends on factors that
include slope steepness, slope shape, soil type, land use, and rainfall
characteristics (Onstad et al., 1977). As explained by Dickenson and Wall
(1977), plot studies have been effectively employed to isolate factors
which influence soil loss and runoff. The factors found to be most
closely related to soil loss and runoff include plant cover and mulches
(Dickenson, 1929; Kittredge, 1954; Duley, 1952), cropping practices and
tillage (Van Doren and Bartelli, 1956; Meyer and Mannering, 1961), rainfall
variables (Wischmeier, 1959; Rogers et al., 1964), and slope parameters
(Neale, 1937; Zingg, 1940).
The ratio of sediment yield to gross erosion is termed sediment
delivery ratio, and is commonly used in design of small reservoirs (Johnson
and Moldenhauer, 1970). Sediment delivery ratio is also defined as a
percentage of the on-site eroded material that reaches a given measuring
21
point (Vanonl, 1977). Measured sediment delivery ratios exemplify the
fact that the sediment production per unit area decreases as the watershed
area increases. Gottschalk (1964) shows strong evidence to support this
(Table 3).
Table 3. Sediment production rates for drainage areas in the United
States^
Watershed Size Number of Measurements Average Annual Rate
m^/km^
<25.9 650 1809.81
25.9 - 259 205 762.02
259 - 2590 123 481.03
>2590 118 238.13
Gottschalk (1964).
Dickenson and Wall (1977) show that the average sediment yield from
the landscape and the condition of stream channels tend to change with
advancing forms of man's land use activities (Table 4).
Several attempts have been made to relate plot data to field condi
tions through rational or empirical equations (Zlngg, 1940; Musgrave, 1947;
Smith, 1941; Van Doren and Bartelll, 1956). However, the universal soil
loss equation (Wlschmeier and Smith, 1965) is currently the empirical
equation in greatest use (Dickenson and Wall, 1977).
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Table 4. Effect of land-use sequence on relative sediment yield and
channel stability^
Land Use
Natural forest or
grassland
Heavily grazed
areas
Cropping
Retirement of land
from cropping
Urban construction
Stabilization
Stable urban
Sediment Yield
Low
Low to moderate
Moderate to heavy
Low to moderate
Very heavy
Moderate
Low to moderate
^Dickenson and Wall, 1977.
Channel Stability
Relatively stable
with some bank
erosion
Somewhat less stable
than natural forest
or grassland
Some aggradation and
increased bank
erosion
Increasing stability
Rapid aggradation and
some bank erosion
Degradation and
severe bank erosion
Relatively stable
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The universal soil loss equation is;
A = RKLSCP
where A = computed soil loss per unit area per year
R = rainfall factor, the number of erosion-index units in a normal
year's rain; the erosion index is a measure of the erosive
force of specific rainfall
K = soil erodibility factor, the erosion rate per unit of erosion
index
L = slope-length factor, the ratio of soil loss from the field slope
length to that from a 22.1 m length of the same soil type and
gradient
S ** slope-gradient factor, the ratio of soil loss from the field
gradient to that from a 9 percent slope
C •" cropping management factor, the ratio of soil loss from a field
with specified cropping and management to that from the fallow
condition on which the factor K is evaluated
P • erosion-control practice factor, the ratio of soil loss con
touring, stripcropping, or terracing to that with straight-row
farming, up-and-down slope.
The equation can be more intelligently used as a guide for selection of
practices if the user has a general knowledge of the principles and
factor interrelationships on which the equation is based (Wischmeier
and Smith, 1965).
The United States Soil Conservation Service uses the universal soil
loss equation to estimate sheet and rill erosion. Through field studies
24
and other means, rates of erosion from gullies and channels are estimated,
but to convert to sediment yield, it is necessary to make adjustments for
the proportion of sediment produced that will reach the area of concern.
This adjustment involves the sediment delivery ratio and is the weakest
link in the chain, varying with many conditions, such as sediment sizes,
proximity of sediment source to stream system, relief, drainage area, and
volume of runoff (Committee on Erosion and Sedimentation, 1977).
Studies of erosion and sediment transport on watersheds have involved
two approaches. One. sediment loads (primarily suspended solids) have
been regularly measured at the watershed outlet and inferences have been
drawn regarding the sources of sediment and the effects of land use.
Secondly, conceptual models of erosion and sedimentation processes have
been developed and used to estimate sediment yields at selected watershed
outlet points. Where possible, these estimates have been compared with
monitored results - or monitored data have been used to calibrate the
models (Dickenson and Wall, 1977).
Sediment load monitoring has customarily been time-, rather than
event-, oriented. As a consequence, peak concentrations and loads have
not often been well defined. Since the loads occurring during peak flow
periods account for the bulk of the total sediment load transported from
a watershed (Dickenson et al., 1975), it is imperative that peak events
be adequately sampled (Dickenson and Wall, 1977). To calculate Geditaent
loads, runoff for each sample interval is needed and is calculated in
accordance with section 4.2.1.1 of the "Field Manual for Research in
Agricultural Hydrology," (Agricultural Research Service, 1962). The
equation for soil loss for a time interval is:
25
SL= (R X (Ci + C2) X F)/2
where SL • soil loss as weight/area for time interval
R » runoff volume for time interval
C-^ - concentration at beginning time
C2 = concentration at ending time
F = conversion factor, weight per unit volume runoff/area in ha
To determine soil loss rate at any given time, the following equation is
used:
» Rr X X F
where • soil loss rate
Rj. « runoff rate
" concentration at
F • conversion factor, weight per unit volume runoff/area in ha
Data in the literature generally indicate that the concentration of
sediment being transported increases as the rate of runoff increases;
however, sediment concentration usually peaks and decreases before the
runoff peaks (Doty and Carter, 1965; Long and Bowie, 1963).
Table 5, from Guy and Ferguson (1970), summarizes annual sediment
yield and concentration data for 8 basins in the United States. The data
may indicate that the greatest amounts of sediment are generally trans
ported by streams in relatively arid regions. However, it does not follow
that sediment is predominantly a problem of the western states. Although
eastern streams generally carry less sand and have lower sediment concen
trations, they do carry large amounts of fines. These, in turn, may carry
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pollutants, such as nutrients, pesticides, radionucleides, and toxic
metals, some of which play an important role in eutrophication (Guy and
Ferguson, 1970).
The successful field testing of most techniques for predicting sedi
ment yields depends almost entirely upon the availability of a reliable
watershed data base consisting of in-depth measurements of many watershed
parameters. These parameters include, but are not necessarily limited to,
climatic, soils, management, geomorphologic, and hydrologic factors
(Onstad et al,, 1977).
In order to understand the processes and to draw meaningful conclu
sions about land use effects from watershed studies, attention must be
given to sediment sources and movement from those sources to the outlets.
Event-oriented sampling studies from sources and on downstream, and the
application of dynamic contributing area concepts appear to be two of the
most promising new approaches to the problem (Dickenson and Wall, 1977),
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METHODS AND MATERIALS
The Four Mile Creek basin study site, northwestern Tama County, Iowa
has latitude 42°12*N and longitude 92°35'W.
The watershed is typical of the heavily cropped regions of Iowa in
which drainage is well developed. About 75 percent of the watershed is
planted to corn and soybeans; 25 percent is In small grain, meadow and
pasture and other.
2 2
Sediment yields in this area are about 150 MT/km for 50 km water
sheds. The average water yield is about 150 mm per year. Farmers
usually plow the com land and disk the bean land in preparation
for the next crop. Natural drainage is well developed, except
in the upper reaches of watersheds. The watershed has a humid region
climate, subject to a wide variety of weather conditions typical of Iowa.
The 30 yr average temperature (measured 27.35 km from site) is 8.7®C and
the 18 yr mean annual precipitation (12.9 km from site) is 823 mm.
Rainfall and flow measuring equipment is located at selected sites
in the largest watershed (Figure 2). Flow is measured at 8 sites (Table
6, Baker et al., 1979). Flow occurs during most of the year at sites 4,
5, and 6; flow at the other stations is ephemeral. Flow is measured by
4-ft H flumes at sites 1, 2, and 3, while flow measurements at sites 4,
5, and 6 rely on metered calibrations. Measurements at sites 7 and 8
rely on culvert hydraulics for stage-discharge relationships.
Watersheds 1, 2, and 3 represent single vegetative cover conditions
and a given management practice. For example, watershed 1 is in corn one
year, soybeans the next; vice versa for watershed 2. Watershed 3 is in
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Table 6. Description of flow measuring stations
Site No. Area
(ha)
Device Cover
1 5.05 H flume Corn or beans
2 6.37 H flume Corn or beans
3 5.93 H flume Grass (pastured)
4 5055.0 USGS station Mixed cover
5 3575.0 USGS station Mixed cover
6 345.0 USGS station Mixed cover
7 284.0 Box culvert Mixed cover
8 149.0 Headwall and culvert Mixed cover
Kentucky bluegrass and fairly heavily grazed. The watersheds at sites
1 and 2 are at an elevation of 310.90 m to 320.04 m above sea level and
land slopes range from about 2 to 9 percent (Figure 3). The soil types
on both watersheds are the same, consisting of Tama silt loam 1-3 percent
slope» Tama silt loam eroded 6-8 percent, and Colo-Judson silt loams
2-4 percent (Figure 4). Site 3 is 304.80 to 323.09 m above sea level,
and land slopes range from 7 to 18 percent (Figure 5). The soil types on
this watershed consist of Downs silt loam 1-3 percent slope. Downs silt
loam - eroded rolling phase 12-16 percent and Colo-Judson silt loams 1-
3 percent (Figure 6).
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SITE 2
SITE 1
100 m
Figure 3. Contour nap of site 1 (5.05 ha) and site 2 (6.37 ha),
1 m contour Intervals
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TSL - Tama silt loam, level phase
TSR - Tama silt loam, eroded phase
CJ - Colo-Judson silt loams
SITE 2
100 m
Figure 4. Soil map of sites 1 and 2
§
33
r
100 m
Figure 5. Contour map of site 3 (5.93 ha), 2 m contour Intervals
34
DSL - Downs silt loam, level
phase
DSO - Downs silt loam, eroded
rolling phase
CJ - Colo-Judson silt loams
100 m
Figure 6. Soil map of site 3
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When runoff occurs at watershed sites 1, 2, and 3, samples are taken
by an automatic pumping sampler (PS- 69 interagency sampler) when the
3
depth of flow exceeds 15 cm in the flume (0.04 m /sec). These samplers
are capable of taking up to 46 samples per event (4 liter samples at sites
1 and 2 for sediment, pesticide and nutrient analyses; 1 liter samples at
site 3 for nutrient and sediment analyses) at 2 min intervals. The intake
for the pumping sampler is a stainless steel well-point located near the
bottom of the approach box for the flume, and there is a 25 cm head-wall
on the approach box to enhance mixing. Also, ports on the flume walls
for single-stage samples at depths of 7.5, 15, 30, 45, and 60 cm were
installed to provide samples when the automatic pumping samplers fail.
When possible, project personnel are present and take grab samples at low
flows and ensure that automatic samplers function. During snowmelt most
of the samples are taken as grab samples.
Samples are taken at 10 to 30 min intervals by hand, at sites 7 and 8,
during low flows, and by using a hand-held, depth-integrating sampler
(USD- 48) at higher flows. Bottle grab samples are taken weekly at sites
5 and 6 where flow is nearly continuous, with additional samples taken
(5 to 10 per runoff event, with hand-held, depth integrating sampler) at
high flows. Grab samples are taken on a daily basis at creek site 4 and
an additional 5 to 10 samples are also taken with a winch operated depth-
integrating sampler (USD- 74) during a runoff event.
Sediment plus dissolved aolida concentrations are determined by
drying a 30 ml portion of a sample. Dissolved solids concentrations are
determined by drying a 30 ml portion of the centrifuged (-40,000 g; *-20
36
mln) sample. Sediment concentrations are obtained by difference.
Particle size analysis of the suspended sediment In runoff Is made with
a Mlcromerltlc Sedlgraph 5000®partlcle size analyzer (range 100 to 0.1
Um. This Instriiment used x-ray attenuation to measure sediment concen
tration In a narrow horizontal band of the sedimentation cell. To mini
mize time required for analysis, the position of the sedimentation cell
is continuously changed, so that the effective sedimentation depth
observed is inversely related to elapsed time. The size information is
presented on a 3-cycle logarithmic graph. For maximum sensitivity a 6
percent by weight sediment suspension is needed. The samples are run in
their native runoff water with no dispersant added. Concentration of
runoff samples, which have contained from about 1800 to 100,000 ppm
sediment, to 60,000 ppm (6 percent) la accomplished by decantation after
a settling period. Checks are made to determine that fine particles are
not decanted with the water. The Sedlgraph 5000®is described in greater
detail in Part II.
Surface soil within the small watersheds (plow layer) is sampled, and
particle size analyses are run; this is termed in^place soil. Because of
the broad cross section and the lack of fall in the waterways of the small
watersheds, it was necessary to dike the flow into the drop box above the
flumes. This results in some storage at high discharges and also causes
some sediment to be deposited. To approximate the amount of deposition, 10
plastic disks, 15.24 cm in diameter, were placed on the soil surface above
the flumes (Figure 7). The weight of the soil deposited per unit area,
and also the particle size distribution of this soil is determined.
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3.66 m
3.66 m
3.66 m
3^66jp 3^_. 66p^66jD
R = 7.62 cm
FLUME
Figure 7. Diak arrangement above flumes
Surface soli is wet sieved with distilled water into sizes less than
1,18 mm, and less than 62 ym. Sand size particles (greater than 62 ]xm
but less than 1.18 mm) are analyzed with the visual accumulation tube
(Colby and Chrlstenson, 1956). The apparatus records results In terms of
fall velocity of individual particles of the sample.
Cross sections of the main channel have been taken for use in hyd
raulic calculations. The channel has been measured at or near the ten
locations established by Ruhe and Vreeken (1969) and at five additional
locations upstream from site 5. Steel posts were used to establish the
locations and elevations of the stations. The cross sections were meas
ured by taking distance and elevation shots at the break-points In the
section. An attempt was made to find the exact locations used in 1967,
but those that could not be found (Nos. 3» 6, 8, 9, and 10) were placed
in the vicinity of the old locations mapped by Ruhe and Vreeken.
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RESULTS AND DISCUSSION
Eight storms took place over the Four Mile Creek watershed from 1976
through 1978 that were of sufficient magnitude to create surface runoff
from which particle size data could be taken. The previously described
procedures were used to measure runoff, soil particle size, sediment
yield, and channel cross section changes.
It should be noted that precipitation was above average for the
first six months of 1976, and below average in the next 12 month period
(384 mm versus an annual average of 823 mm); above average in the final
6 months of 1977, and about average for 1978. This is evident in the
following results.
Storm runoff (m /sec), cumulative precipitation (ram), and sediment
concentration (ppra) for the samples taken during each storm event are
shown as a function of time for each individual site when particle size
data were taken. The bulk of the information is presented in Appendix
A (Figures 63 through 88), except for an example storm event 6/13/76 for
sites 1, 2, and 4, Figures 8,9, and 10, respectively.
It should be kept in mind that sites 1 and 2 were in a soybean-corn
rotation each year, with site 1 being planted to soybeans and site 2
being planted to corn in 1976. The field with corn residue on it was
plowed in the spring of each year in preparation for planting soybeans.
The field with soybean residue was disked prior to planting corn.
It might be expected, for less intense rains, that the timing or
amount of tillage would have a significant effect on runoff amounts.
For instance, for a storm of 28 mm on 4/23/76, runoff from the recently
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Figure 8. Storm runoff, cumulative precipitation, and sediment con
centration for site 1, 6/13/76
C_1 BO.O
0.0211
0.020-
u
UJO. 016-
to
s:
UJO. 012-
o
or
(X
:n
o
2d.
1
CD
D
O
o
0.00»t-
0.000
leoo
40
1900
GRGE
TOTRL PRECIP 35.58 MM
SITE 2
OflTE 6 13 76
OlSCHflRGE
SEDIMENT
TOTAL RUNOFF
2000 2100 2200
TIME, HR
2300
12000
10000
6000 CJ
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Figure 10. Storm runoff, cumulative precipitation, and sediment con
centration for site 4, 6/13/76
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plowed watershed was 0.6 ram, from the disked watershed, 6.0 mm; similarly
for a storm of 29 mm on 5/29/76, where respective runoff amounts were 3.8
and 11.A mm (Baker et al., 1979). However, by the runoff event on
6/13/76 (see Table 7 ) the disked watershed (in corn) had been culti
vated and the relative runoff amounts reversed. As also shown in Table
7 the runoff amounts for April storms in 1977 (20.1 ram rain) and 1978
(6A.8 mm rain) were greatest for the disked watershed. The reversal in
relative anK>unts between 6/15/78 and 6/20/78 are unexplained at this time
(cultivation occurred after 6/20/78).
Crop cover as well as tillage practices and rainfall intensity can
significantly affect surface runoff and erosion. Since the data do not
come from an experiment where all the variables are controlled, only
generalizations can be raade about the effects of factors. Flow weighted
storm concentrations in runoff from sites 1 and 2 are presented in Table
8. These data represent storm sediment yield (kg/ha) divided by storm
runoff (decimeters) for the row-crop watersheds. The plowed bean ground
always had a higher concentration than the corn ground, Indicating more
soil was lost to surface runoff given equivalent runoff amounts. Percent
crop cover increased to 35% for beans and 67% for corn by the last runoff
event of the 1978 season on 6/20/78. After 6/7/78, the corn crop cover
was twice that of bean cover. Table 8 shows that flow weighted storm
- concentrations decreased for the 1978 season as crop cover increased. It
may also be noted that the peak rainfall intensity was 189 mm/hr on
5/27/78 and low rainfall Intensity was 37 mm/hr in 6/15/78.
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Table 8 . Flow weighted storm concentrations (ppm)
Date Beans Corn
6/20/78 8,214 5,182
6/15/78 9,997 6,634
5/31/78 19,155 19,078
5/27/78 26,476 17,711
4/17/78 6,016 2,091
8/15/77 21,064 15,836
4/19/77 76,519 —
6/13/76 9,182 4,384
5/29/76 45,600 35,800
For a given site and runoff event, it was found in general that
sediment concentrations and flows were directly related, i.e. as the
rate of runoff (m /sec) increased, sediment concentration increased, and
vice versa. This observation is most in evidence when the hydrograph
sharply rises or falls, such as 6/13/76 site 1 (Figure 8 ), 4/19/77
site 1, 8/15/77 site 2, 5/27/78 site 2, and 5/31/78 site 1 (Figures 63,
67» 75» and 77 iti Appendix A), In some cases the peak concentration
slightly precedes peak flow rate. It is also true that storm events
which start at a high rainfall intensity produce runoff with high sedi
ment concentration, e.g. 5/27/78 sites 1 and 2, and 6/20/78 sites 1 and 2.
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There is also a direct relationship between sediment concentration
and particle size distribution for a given site and runoff event; as
sediment concentration and flow decrease, average particle-size decreases
also. Particle-size distributions for runoff samples illustrating this
relationship are shown for: 6/13/76 site 1, upside of hydrograph and
downside (Figures 11 and 12), and site 2 (Figure 13); 4/19/77 site 1 and
site 8; 8/15/77 site 2; 5/27/78 site 1. site 2 and site 8; 5/31/78 site 1
and site 2; 6/15/78 site 1; and 6/20/78 site 1 and site 2 (Figures 89
through 99, Appendix B).
Figure 89 (Appendix B) specifically shows the particle size distri
bution as a function of time and sediment concentration as flow decreased
after peak discharge for 4/19/77 site 1. At 1713 hr on that date less
than 20% of the transported material was smaller than 2 ym, the concentra-
3
tion was 100,957 ppm, and the flow rate 0.4938 m /sec. As flow receded
to 0.0008 m^/sec at 1754 hr, the 2 \lm and smaller clay size had increased
to 70% of the load, and concentration had decreased to 12,578 ppm.
Load weighted particle size distributions are shown for the following
storms: 6/13/76 , sites 1 and 4, sites 2 and 4; 4/19/77, sites 1, 8, and 5;
8/15/77, sites 1 and 4, sites 2 and 4; 4/17/78, sites 1, 8, 5 and 4, sites
2, 8, 5, and 4; 6/15/78, sites 1, 8, 5, and 4, sites 2, 8, 5. and 4; and
6/20/78, sites 1, B, 5, and 4, sites 2, 8, 5, and 4 (Figures 14 through
24). These distributions are a result of multiplying the incremental
sediment load each sample represented times the sample size distribution,
summing these values and dividing by the total sediment load for the
storm of Interest for each individual site. This distribution Is
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equivalent in theory to the particle size distribution of the total sedi
ment load for the storm of interest. Also shown is particle size distri
bution for in-place soil from sites 1 and 2. The type of watershed
should be kept in mind when viewing these graphs. Also, keep in mind
that these are not data for dispersed sediment samples. In general, it
is evident that the in—place soil has the least fine material. The aver
age size distribution of suspended sediment in runoff decreases for sites
1 and 2 and decreases again for site 8. It is believed that the more
coarse soil particles have deposited in the large grassed waterway
between sites 1 and 2 and site 8. In general, the average particle size
then increases for sites 4 and 5, perhaps due to the contribution of
nearby field erosion or bank erosion. These observations are specifically
shown on 6/20/78 (Figure 23) but these general trends for soil particle
sizes can be seen throughout the storm events in the Four Mile Creek
watershed. Flow samples at all of the sampling locations contained sedi
ment in the silt and clay range.
Sediment samples were taken along the banks of marked cross sections
along Four Mile creek. The data show that on average 99% of the particles
are finer than 50 ym, 95% finer than 32 ym, 55% finer than 16 \lm, 35%
finer than 8 ym, 20% finer than 4 um, 12% finer than 2 lim, and 5% finer
than 1 \im. Soil particles along the creek bank undoubtedly make up some
of the suspended sediment load at sites 5 and A.
The highest sediment loads and concentrations are associated with
the small row-crop watersheds, e.g. 5196 kg/ha for site 1 compared to
200 kg/ha for the entire watershed in 1977. Table 7 presents data for
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individual storm events. Table 9 summarizes sediment yield data for
1976, 1977, and 1978 (however, yield data for 1978 are low for sites
4 and 5 due to flow from two storms not being sampled). Rainfall was
below normal in 1976, and although rainfall was greater than normal in
1977, most of it occurred in the fall. Thus soil losses were low
1A87 kg/ha for 1976 and 200 kg/ha in 1977 for the entire watershed. Rain
fall in 1978 was about average throughout the year. The annual sediment
yield was 1489 kg/ha and the largest contribution occurred 4/17/78 (411
kg/ha). During the late spring and early summer months of 1976 and 1977,
very low rainfalls were observed; even so, sediment concentrations in
runoff samples from the row crop areas were relatively high, the highest
recorded being 100,957 ppm at site 1, 4/19/77.
Data for sediment deposited on the plastic disks above the flumes at
sites 1 and 2, beginning in 1977, are given in Table 10 (no disks were
installed in 1976). Deposits varied considerably in thickness, partly
because of deposition from local scour. The greatest amount of sediment
deposited above the flumes in the 107.16 m area was about 82,000 kg/ha on
site 2, 5/27/78, Although the area is only a fraction of a hectare in
this case, the deposition could be even greater given the right conditions
Table 10 also indicates that the particle sizes of sediment deposited on
the disks were predominantly in the silt and clay range.
Data for Four Mile Creek cross sectional areas at 16 locations are
presented in Figures 25 through 40. Stations 1 through 10 include cross
section data for 1967, 1977, 1978, and 1979. Stations 7+50 and 11+00
through 15+00 were started in 1977. Table 11 summarizes the surveyed
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Table 9 . Annual sediment yield data and runoff data
Site 1976 1977 1978
Sediment 1 2763.82 5169.36 887.69
kg/ha
Runoff 58.59 11.87 46.35
mm
Sediment 2 5325.00 175.47 2473.11
kg/ha
Runoff 51.25 0.87 47.20
fftm
Sediment 8 719.28 890.12
kg/ha
Runoff 8.88 9.23 42.01
mm
Sediment 5 —268.88 2046.03
kg/ha
Flow^ 5.31 47.16 202.29
TTtrn
Sediment 4 1487.45 200.10 1489.19*^
kg/ha
Flow^ 105.28 41,48 197.63
mfn
^ot sufficient samples to properly calculate
sediment yields
^Flow equals surface runoff plus base flow,
^Sediment yield does not include 5/27/78 and
5/31/78 due to lack of samples.
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Table 10. Sediment disk deposition
Sediment Dry weight/ Percent f
.te Year Date disk no. area
kg/m^
than 62
1 1977 8/15/77 1 2,40 94.6
1 1977 8/15/77 2 3.39 91.5
1 1977 8/15/77 4 4.98 95.6
1 1977 8/15/77 7 12.98 92.2
1 1977 8/15/77 8 8.12 94.7
1 1977 8/15/77 9 0.89 97.1
1 1977 8/15/77 10 0.35 97.3
2 1977 8/15/77 1 0.23 88.1
2 1977 8/15/77 2 0.12 87.1
2 1977 8/15/77 3 1.68 96.4
2 1977 8/15/77 4 1.10 98.0
2 1977 8/15/77 5 2.41 96.8
2 1977 8/15/77 6 8.00 95.3
2 1977 8/15/77 7 1.31 98.4
2 1977 8/15/77 8 0.50 98.1
2 1977 8/15/77 10 21.03 84.1
1 1978 5/27/78 1 0.13 91.9
1 1978 5/27/78 2 2.96 98.9
1 1978 5/27/78 3 0.11 98.0
1 1978 5/27/78 4 4.18 97.8
1 1978 5/27/78 5 4.72 98.6
1 1978 5/27/78 6 2.12 95.4
1 1978 5/27/78 7 26.46 94.6
1 1978 5/27/78 8 10.30 78.1
1 1978 5/27/78 9 1.01 99.9
1 1978 5/27/78 10 0.63 81.9
2 1978 5/27/78 1 12.11 96.4
2 1978 5/27/78 2 12.18 86.2
2 1978 5/27/78 3 9.18 93.9
2 1978 5/27/78 4 9.65 92.3
2 1978 5/27/78 5 10.66 96.3
2 1978 5/27/78 6 8.85 99.9
2 1978 5/27/78 7 4.61 94.3
2 1978 5/27/78 8 2.08 55.0
2 1978 5/27/78 9 3.29 73.2
2 1978 5/27/78 10 9.47 95.4
1 1978 5/31/78 2 0.29 90.9
1 1978 5/31/78 3 0.06 76.5
1 1978 5/31/78 4 3.62 93.8
1 1978 5/31/78 5 0.62 95.0
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Table 10 (cont.)-
Lte Year Date
Sediment
disk no.
Dry weight/
area
kg/in^
Percent
than 6
1 1978 5/31/78 6 0.01 70.0
1 1978 5/31/78 7 11.51 88.2
1 1978 5/31/78 8 4.34 93.1
1 1978 5/31/78 9 0.01 64.7
1 1978 5/31/78 10 0.03 74.1
2 1978 5/31/78 1 3.53 85.2
2 1978 5/31/78 2 1.49 79.5
2 1978 5/31/78 3 2.12 91.7
2 1978 5/31/78 4 3.97 70.5
2 1978 5/31/78 5 2.73 93.7
2 1978 5/31/78 6 4.77 90,6
2 1978 5/31/78 7 4.24 91.1
2 1978 5/31/78 8 2.20 92.3
2 1978 5/31/78 9 1.65 95.2
2 1978 5/31/78 10 2.19 92.8
1 1978 6/15/78 1 0.03 70.9
1 1978 6/15/78 2 0.96 87.2
1 1978 6/15/78 3 0.22 89.6
1 1978 6/15/78 4 8.72 93.7
1 1978 6/15/78 5 1.27 92.6
1 1978 6/15/78 6 0.08 75.1
1 1978 6/15/78 7 31.35 93.4
1 1978 6/15/78 8 9.18 91.6
1 1978 6/15/78 9 0.21 90.9
1 1978 6/15/78 10 0.15 87.1
2 1978 6/15/78 1 3.02 85.1
2 1978 6/15/78 2 0.67 93.7
2 1978 6/15/78 3 1.59 72.4
2 1978 6/15/78 4 5.57 97.5
2 1978 6/15/78 5 3.47 95.1
2 1978 6/15/78 6 1.14 96.1
2 1978 6/15/78 7 2.80 88.8
2 1978 6/15/78 8 1.15 96.3
2 1978 6/15/78 9 1.81 100.0
2 1978 6/15/78 10 2.53 92.1
1 1978 6/20/78 1
1 1978 6/20/78 2 0.47 91.4
1 1978 6/20/78 3 0.10 91.7
1 1978 6/20/78 4 0.86 96.3
1 1978 6/20/78 5 1.30 95.7
Table 10 (cont.)*
Site Year Date
65
Sediment
disk no.
Dry weight/
area
kg/m
Percent finer
than 62
1978 6/-20/78 6 0,48 93.9
1978 6/20/78 7 4.79 99.3
1978 6/20/78 8 5.78 97.1
1978 6/20/78 9 0.16 100.0
1978 6/20/78 10 0.66 100.0
2 1978 6/20/78 1 1.16 90.2
2 1978 6/20/78 2 0.17 98.0
2 1978 6/20/78 3 0.20 96.8
2 1978 6/20/78 4 2.62 92.5
2 1978 6/20/78 5 1.55 98.6
2 1978 6/20/78 6 0.53 98.1
2 1978 6/20/78 7 2.33 62.6
2 1978 6/20/78 8 1.25 100.0
2 1978 6/20/78 9 0.81 99.9
2 1978 6/20/78 10 1.41 96.1
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Table 11. Four Mile Creek cross sectional areas
1967 1977 1978 1979
Station
Eleva
tion^
m
Area
Eleva
tion
m
Area
Eleva
tion
m
Area
Eleva
tion
m
Area
1+00^ 279.3 6.71 279.6 14.99 279.6 15.55 279.5 16.14
2+00^ 280.6 11.73 280.6 18.99 280.6 19.57 280.6 19.82
3+00 281.5 10.94 281.5 15.66 281.5 14.97 281.5 15.55
4+00^ 282.2 10.24 282.3 16.20 282.3 15.72 282.3 15.89
5+00^ 283.2 10.53 283.1 13.51 283.2 14.30 283.5 16.97
6+00 283.9 13.06 284.0 20.79 284.0 19.82 284.0 20.99
7+00 284.8 15.19 284.9 17.94 284.9 18.14 284.9 19.82
7+50*^ 290.9 5.02 290.9 5.35 290.9 5.02
8+00 285.3 8.44 285.4 7.48 285.4 7.94 285.4 8.86
9+00 286.4 10.49 286.5 12.73 286.5 12.12 286.5 12.54
10+00 287.1 8.33 287.4 13.95 287.4 13.04 287.4 13.29
11+00 287.7 9.82 287.7 9.78 287.7 11.20
12+00 290.5 15.71 290.5 15.97 290.5 16.97
13+00 294.3 9.62 294.3 9.20 294.3 9.03
14+00 298.0 4.65 298.0 4.52 298.0 5.10
15+00 303.3 10.05 303.3 10.37 303.3 10.54
^Cross section areas were measured up to that elevation at which
overflow on the bank would occur.
^Half-mile Creek.
^Identical cross section to that identified in 1967; others were
placed as close as possible, as determined from maps. Cross sections
11+00 through 15+00 are new since 1977.
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areas and gives elevations to which cross sectional areas were calculated.
The average increase in cross sectional area of Four Mile Creek since
1967 was 54.3%, the largest increase being station 1+00 (furthest down
stream) which increased 140%. The average increase in area between 1977
and 1979 was 5.8%, but 5.5% of that increase occurred between 1978 and
1979. These results are consistent with the recorded runoff amounts in
1976, 1977, and 1978. The average drop in elevation at the creek cross
sections was 0.0305 m/yr and the average increase in width was 0.396
m/yr. These figures indicate that stream width increased about 10 times
more than depth over the twelve year period of 1967-1979.
To compute the channel contribution to suspended sediment load, these
assumptions were made: (1) the density of soil along the channel was 1397
O
kg/m , (2) the measured creek length between sites 5 and 4 was 6,437 km,
and (3) the average increase of the measured cross sections represented
the average for the total stream. The average increase in area between
2
1967 and 1979 was 5.42 m and the average increase between 1977 and 1979
2
was 0.76 m . Therefore, the suspended sediment load contribution for 12
years was about 9640 kg/ha, or about 800/kg/ha/yr. For the years between
1977 and 1979, channel erosion and suspended sediment contribution to
Four Mile Creek were only slightly below average.
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SUMMARY AND CONCLUSIONS
In the Four Mile Creek study, measurements of flow and sediment
concentrations were made for a series of nested watersheds ranging from
6 ha to 50 km^ in size. Data for sedimentation analysis have been col
lected for two relatively dry years (1976 and 1977) and one fairly normal
weather year (1978). Data for storm events have shown that as sediment
concentration and flow increase, the size distribution curve for an
individual sample shows more coarse material (i.e. the average particle
size increases). Incremental load weighted size distributions for five
nested watersheds have shown that suspended sediment at a field border
is finer than the soil in-place, that a good grassed waterway is effi
cient in the removal of the larger particles from suspension, and that
in—stream sediment can be more coarse than some of its sources. Because
particle size is related to particle transport and chemistry, these data
should be useful for modelers trying to define sediment delivery.
The highest concentrations and yields are associated with the small
row-crop watersheds. The highest values occurred in April, immediately
after field work, when no growing crop cover was established and the crop
residue from the previous year was tilled into the soil. Storm sediment
yields for these row-crop watersheds ranged from 42 kg/ha on 5/31/78 to
3558 kg/ha on 4/19/77. The highest sediment concentration observed was
100,957 ppm at site 1, 4/19/77. Annual sediment yields for the entire
watershed ranged from 200 kg/ha for 1977 to 1489 kg/ha for 1978.
85
The average cross sectional area of Four Mile Creek increased 54.3%
between 1967 and 1979. The stream width increased about 0.396 m/yr and
the stream depth increased about 0.0305 m/yr over the twelve year period.
It is estimated that the channel contribution to suspended sediment load
between 1967 and 1979 was about 800 kg/ha/yr. This contribution would be
about 50% of the total suspended sediment load for 1976 and 1978.
These sediment yield and cross section data provide additional
information which can provide a better understanding of sedimentation
processes for the sedimentation scientist and modeler.
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PART II. A METHOD OF PARTICLE SIZE ANALYSIS USING
A COLLIMATED BEAM OF X-RAYS
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INTRODUCTION
The most important property of the sediment particle or grain, with
respect to transport, is its size. The settling of a particle directly
characterizes its reaction to flow, and ranks next to size in importance
(Vanoni, 1977).
Chemicals are transported in an agricultural environment by the
movement of water and soil. To select management practices that will
minimize the undesirable movement of agricultural chemicals through a
field or a watershed, it is necessary to understand the mechanism by
which these chemicals are transported. Concerning soil, knowledge of the
composition and particle-size distribution of eroded material is needed
for understanding sediment-chemistry relations (Young and Onstad, 1976).
It is for these reasons that this study was initiated to find a method
for particle size analysis which is fast and precise.
The determination of the different particle-size fractions of soils
is one of the basic routine analyses in any laboratory handling soil
samples, whether for agricultural or engineering purposes (Van Rooyen and
Visser, 1976). For this reason, there is a wealth of literature in
scientific and technical journals on the methods for determining the
sizes of particles. As a result, the scientist or engineer faced with
the task of determining the sizes of particles in some material may be
confused by the multitude of methods. Unless he has had considerable
experience in making such determinations, he is in danger of choosing an
Inappropriate technique, and of failing to realize its limitations
(Cadle, 1953).
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Decantation methods for separating particles extend back to ancient
Greece, but no applications were made to soils or sediments until 1692.
Sieves were used to separate sands in 1704. The need for understanding
the composition of earths for classification was recognized in 1750. The
term "mechanical analysis" was introduced in 1800. Sieving and decan
tation were combined into a single technique in 1805. In 1851 Stokes*
law was formulated, and in 1857 it was applied to mechanical analysis.
The earliest use of graphs to display sediment sizes was made in 1892; in
the same year the centrifuge was applied to mechanical analysis. In 1912
simple sedimentation cylinders reached an apex in their development. In
1915 the continuous sedimentation balance appeared, and a mathematical
theory of sedimenting systems was developed. The pipette method was
developed in 1922, and the hydrometer method in 1927 (Krumbein, 1932).
These advances in sedimentation have allowed better description of
soils. For instance, it is known that soils consist of mineral particles
that cover a wide range of sizes. It is advantageous to assign names to
describe these particles that lie between certain size limits. These
names are convenient to use and give more information than does a mere
statement that the particles lie between certain size limits (Roderick,
1972). The term sandy loam, for example, indicates tnat particles have a
greater diameter than for a soil"described by the term silty clay loam,
and would therefore make a better soil filter for water percolation.
Natural sediment particles are of irregular shape and, therefore,
single length or diameter that is to characterize the size of a group of
grains must be chosen either arbitrarily or according to some convenient
method of measurement (Vanoni, 1977). Three such diameters recommended
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for use by the Subcommittee on Sediment Terminology of the American Geo
physical Union (Lane, 19A7) are defined as follows:
i) Sieve diameter is the length of the side of a square sieve
opening through which the given particle will just pass.
ii) Sedimentation diameter is the diameter of a sphere of the same
specific weight and the same terminal settling velocity as the given
particle in the same sedimentation fluid.
iii) Nominal diameter is the diameter of a sphere of the same volume
as the given particle.
Number ii is the one used in this study, and relates most closely
to the objectives of the overall study involving transport and deposition
of sediment.
The particle size distribution of a soil gives the relative amounts
of various sizes of particles which it contains. Particle size distri
bution is one of the most stable soil characteristics, being little
modified by cultivation or other practices. It has been used in many
countries as a basis of soil textural classification, particularly in the
United States. Particle-size analysis is a valuable research method in
problems dealing with weathering, segregation of soil particles by leach
ing, soil structure, and sediment transport by water and wind (Kemper and
Chepil, 1965).
Probably the most widely used methods for determining the size dis
tributions of particles in the subsieve range are based on sedimentation
and elutriation. Sedimentation techniques are those in which the fluid
is relatively motionless and the particles are allowed to settle through
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The fluid either as a result of gravity or of centrifugal action.
Elutriation involves moving the suspending fluid upward so as to
counteract the action of gravity on the particles. If the rate of upward
flow is carefully adjusted, particles of a given size will remain sus
pended, larger particles will settle, and smaller particles will follow
the fluid flow and be collected (Cadle, 1955).
Aggregate-size distribution must be defined here. An aggregate is
a group of two or more primary particles which cohere to each other more
strongly than surrounding particles. The size distribution of soil
aggregates is important because the size of the aggregates determines
their susceptibility to movement (erosion) by wind and water, and because
their size is important in determining the dimensions of the pore space
in cultivated soils (Kemper and Chepil, 1965).
The usual methods of primary particle-size analysis require that the
particles be dispersed in an aqueous solution, i.e. that they be detached
from one another and suspended in the liquid. Organic matter may first
be removed by treating with peroxide (Kemper and Chepil, 1965).
Effective dispersion may require mechanical agitation, sonic vibra
tion (Cdx^ards and Bremner, 1967), or the addition of a reagent such as
NaOH, Na2C02, Na2C20^ (sodium oxalate), Na^P20^ (sodium pyrophosphate),
NaPO^ (sodium inetaphosphate), or various mixtures of these, in dilute
concentrations (Kemper and Chepil, 1965).
Aggregate size distributions can be obtained by the same analysis
methods but without dispersion, i.e. the analysis may be carried out
with the aggregates in their native runoff water.
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OBJECTIVES
Information is needed on a new method of soil particle-size analysis
which utilizes a collimated beam of x-rays. This method is the basis of
a machine manufactured by Micromeritics Instrument Corporation of
Norcross, Georgia, named Sedigraph 500(1^ The objectives of this study
were:
i) to determine laboratory procedures for the particle size
measurement of soil suspended in runoff samples and soil samples from
monitored fields, and
ii) to compare results to the traditional pipette method.
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LITERATURE REVIEW
A study of particle-size analysis requires an understanding of
traditional methods and laws governing such procedures. Topics to be
discussed in this chapter are:
i) sieves,
ii) Stokes' law,
iii) pipette method, and
iv) hydrometer method.
Sieves
The simplest method of measuring average size of particles is to use
standard sieves. This is a direct method of particle measurement (Dal-
lavelle, 1948). A sieve consists of a pan with a bottom of wire cloth,
having definitely spaced and uniform openings. These openings are square
when wire cloth is used, but sieves with circular openings formed by
punching holes in a plate are also available (Orr and Dallavelle, 1959).
By passing a sample of the material to be measured through two sieves,
the particles retained on the second sieve are said to have a diameter
equal to the arithmetic or geometric average of openings in the two
sieves (Dallavelle, 1948).
Sieve analysis is good down to 0.074 mm (200 mesh) and fair to
0.044 ram (325 mesh). Sieve sizes (openings) are made in a geometric
4 r
series with every sieve being /2 larger in size than the preceding one.
Taking every other sieve gives »/2 sieves, while taking every fourth sieve
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gives a ratio of 2 between adjacent sieve sizes (Vanoni et al., 1961).
A typical set of sieves may be a set of Tyler /2 Sieve Series (Table 12)
Table 12. Designations and dimensions of the Tyler •/2 Sieve Series
Tyler Sieve Series: Size Determination^ Opening Size
(mm)
4 4.699
6 3.327
8 2.362
10 1.651
14 1.168
20 0.833
28 0.589
35 0.417
48 0.295
65 0.208
100 0.147
150 0.104
200 0.074
^Orr and Dallavelle, 1959
^Selected sizes.
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Neither the square opening nor the round opening is capable of
sharply differentiating sizes. Much depends on the shape of the particles
and how they pass through the openings. Given a square opening of a
side equal to t, a needleshaped particle can be made to pass diagonally
if it has dimensions less than /I -k. t (Dallavelle, 1948) .
By using a series of sieves having different size openings, a pow~
dered sample may be separated into a series of fractions. An actual
separation is made with a stack of sieves, one upon the other, with the
size of the openings increasing in the upward vertical direction. The
sample is placed on the upper sieve, which has the largest openings. The
entire stack of sieves is then shaken, either by hand or with a commercial
shaking device (Orr and Dallavelle, 1959). The method chosen should be
one in which a maximum amount of material will pass a given screen in the
shortest period of time. A single grain placed on a vibrating sieve may
pass the sieve almost at once, but on a second trial may remain for a
considerable time. The mechanics of sieving were once described as
floating timber logs down a river. The logs pile up against boulders and
jam, then break loose and travel for some time without jamming again
(Dallavelle, 1948).
For further details on sieving procedures, see Dallavelle (1948),
Orr and Dallavelle (1959), and Cadle (1955).
Stokes' Law
The basic law governing the falling of small particles in a liquid
medium is Stokes* law, which states that the fluid drag, or viscous
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force, on the particle equals its submerged weight, or the difference
between gravity and bouyant forces (Vanoni et al., 1961).
The sedimentation of small particles suspended in liquids or gases
is the basis for standard methods for determining the size distribution
of particulate material. Sedimentation methods are also used to separate
a particulate material into various particle size fractions. Between
certain particle size limits, which depend to a large extent on the nature
of the fluid, the rate of fall or velocity of a spherical particle in a
fluid can be estimated from Stokes* equation (Cadle, 1955). The fall
velocity is the most pertinent characteristic of fine sediment (sand,
silt, and clay), and furthermore it reflects the combined influence of
particle size, shape, and density, and fluid density and viscosity
(Vanoni et al., 1961).
Stokes* law for settling of small spheres is:
gd'
w =
ys-y
18v V Y /
where w » settling velocity
Yg = specific weight of the sphere
Y = specific weight of the fluid
d « diameter of a sphere
g = acceleration of gravity
v = kinematic viscosity of the fluid (Vanoni, 1977)
Stokes* law applies only when the sphere is small enough that the
Reynolds number, is less than 0,1. For quartz in water, the upper
limit of Stokes' law is approximately 0.05 mm, or roughly the dividing
size between silt and sand (Vanoni et al., 1961). In addition, for
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Stokes* law to be strictly valid, particles must fall at a uniform con
stant velocity, particles must be smooth and rigid, and the resistance
to fall must be due to the viscosity of the fluid only (Vanoni, 1977).
The following sections on the pipette and hydrometer methods will
explain applications of Stokes* law to particle size determinations.
Pipette Method
The pipette method is a simple technique for determining particle
size distribution. It consists of withdrawing an aliquot from a suspen
sion at a fixed level at predetermined times after settling began (Orr
and Dallavelle, 1959). The apparatus consists essentially of a cylin
drical vessel which contains the suspensions and a pipette which extends
either down through the fluid or through the vessel wall (Cadle, 1955).
Concentrations of solids in the samples withdrawn are determined by oven
drying. Relating sample concentrations to the initial concentration
provides information on particle size ranges (discussed later).
Krumbein recommended the pipette method, as early as 1932, as one
founded on sound principles, and yet simple and inexpensive in its
application. He used it with success on fine-grained sediments ranging
from lake clays to the finer constituents of tills, with checks on
successive analyses consistently within one percent. Further, analyses
can be made down to 1 y at the rate of three or four a day per lab set
up (Krumbein, 1932). Various authors give figures for the precision,
varying from about ±0.5 to ±3 percent (Cadle, 1955).
The method depends on the fact that sedimentation eliminates from
the depth, h, in a time, t, all particles having settling velocities
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greater than ^/t, while retaining at that depth the original concentra
tion of particles having settling velocities less than The taking
of a small volume element (e.g. 10 ml from a 2000 ml cylinder) by a
pipette at a depth, h, at time, t, furnishes a sample from which all
particles coarser than the diameter, d (as determined by Stokes' equa
tion), have been eliminated, and in which all particles finer than that
size are present in the same amount as initially. The volume element at
depth h has in effect been "screened" by sedimentation, so that the ratio
of the weight, wt, of particles present in that volume at time t, divided
by the weight, wtg, of particles present in it initially, is equal to
^^100* where P is the percentage of particles, by weight, smaller than
d. Now, the ratio "^/wto can also be written as the concentration ratio
^/cq ~ ^/lOO* This equation connects the concentration, c,
in mg/1, to the parameter, P, of the particle-size distribution, Cq being
the weight of suspended solids in the entire sample divided by the
volume of the suspension (Kemper and Chepil, 1965). The amounts of dis
solved solids can be corrected for, if they are significant.
In summary, the pipette method has both advantages and disadvan
tages. The advantages are: (1) it is an accurate method (results within
a few percent), (2) the data yield a distribution curve directly, (3) it
utilizes simple equipment, (4) with multiple-depth sampling, floccula-
tion can be studied, and (5) it can give accurate results for concentra
tions as low as 1000 mg/1 (1000 ppm). The disadvantages are: (1) the
pipette withdrawals are very small, and are samples of a sample, thus
increasing sampling error, (2) the pipette does not withdraw fluid from
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exactly the depth of the tip of the pipette, but from a region around the
tip, (3) the volume of suspension decreases due to successive small with
drawals, (4) drying and weighing pipette samples requires careful labora
tory techniques, because weights and weight differences may be very small
(rag), (Vanoni et al,, 1961), and (5) the method is very time consuming.
For further reference on pipette method procedures see Cadle (1955)
and Orr and Dallavelle (1959).
Hydrometer Method
The hydrometer method is also a simple sedimentation technique. It
is perhaps the most widely used method for determining particle size.
Although this method is not as accurate as the pipette method, it is
theoretically sound, and being faster and easier to handle, it is readily
fitted into a routine laboratory schedule.
The suspension to be analyzed is contained in a thermostated
cylindrical vessel. Density measurements are made by means of a hydro
meter which typically has a length greater than half the height of the
sedimentation vessel (Cadle, 1955).
In using the hydrometer, it must be remembered that the change of
density recorded by the hydrometer is not of a particular cross section
of the sedimentation cylinder, but depends upon the depth to which the
hydrometer is immersed. The hydrometer method can be applied only to sus
pensions which have very small particle sizes, since rapid changcs in den
sity of the suspension cannot be read on the hydrometer (Dallavelle, 1948)
The hydrometer method, like the pipette method, depends fundamen
tally upon Stokes' equation, which may be written as:
where 0 = 1000
30 vh
g(Ps-Pl)
d = spherical diameter
t = time
V = kinematic viscosity of the fluid
h = depth
g = acceleration of gravity
pg = particle density
= liquid density
The sedimentation parameter, 0, is not constant, because the depth
of immersion of the hydrometer bulb increases with time during sedimenta
tion. By equating the settling depth, h, to the distance from the sus
pension to the center of the hydrometer bulb, it is possible to relate
measured values of h to the stem readings, R, making 0 a determinate
function of R (Kemper and Chepil, 1965). A parabolic relation described
by 0 =m(a - bR)^ exists between 0 and R (m, a, and b are constants). This
relation can be derived for any combination of sedimentation cylinder,
hydrometer, dispersing agent, and temperature. By reading R one may
obtain 0 and a nomograph used for finding d, knowing 0 and t (Sur and
Singh, 1976).
The procedure for using the hydrometer consists of making density
measurements at usual time intervals of 1, 3, 10, and 30 min, and 1, 2,
5, and 24 h (Dallavelle, 1948). These measurements are made after a
uniform suspension has been attained in the graduated cylinder, perhaps
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<1 = -^
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by rapidly inverting it. The hydrometer, usually one having a range of
specific gravities from 1.000 to 1,1060 (Orr and Dallavelle, 1959), is
lowered carefully into the suspension, to minimize turbulence, 10 to 20
sec before each reading. The density is read on the hydrometer scale
immediately after the hydrometer comes to rest. The particles in suspen
sion settle under gravity, and at any fixed point the density of the
suspension changes with time. The hydrometer indicates this change, so
that using Stokes' law, and allowing for its change in position (the
center of the hydrometer volume), the size distribution of the particles
can be computed. This involves calculation of the minimum diameter of
particles which have a depth from the surface represented by the center
of volume of the hydrometer. Particles of this diameter and larger which
were not initially at the surface are below this depth at the time the
reading is taken (Orr and Dallavelle, 1959).
The hydrometer is not left in the suspension since particles of the
suspended material settle on it and affect its accuracy. After removal,
the hydrometer is wiped clean and immersed in a graduate of distilled
water. It is preferable to keep both the graduate containing the suspen
sion and that containing distilled water in a constant-temperature bath
(Dallavelle, 1948).
In summary, the hydrometer also has advantages and disadvantages.
The advantages are: (1) it is the quickest and easiest method; there are
no samples to dry and weigh, (2) it utilizes simple equipment, and (3)
the data yield a distribution curve directly. The disadvantages are:
(1) one must use fairly concentrated suspensions (5%) in order to measure
accurately the incremented changes in density resulting from settling of
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suspended particles, (2) accuracy is only fair; the test is more suited
to soil mechanics than to sediment transport studies, (3) immersing and re
moving the hydrometer disturbs the settling column (4) the hydrometer bulb
extends over a finite depth and is assumed to register density at its
center of bouyancy, (5) as hydrometer readings change, the depth to
center of bouyancy changes (thus a variable height of settling column is
analyzed), and (6) one must determine the specific gravity of particles
as a separate test (Vanoni et al., 1961).
For further description of procedures and details of the hydrometer
method see Dallavelle (1948) and Orr and Dallavelle (1959).
Vanoni et al. (1961) reached three conclusions in their study of
particle-size analysis methods:
i) In order of accuracy the pipette method is considered best,
the bottom withdrawal tube (not described here) next, and the hydrometer
last. Decantation is unacceptable.
ii) The pipette method is used as a standard to calibrate other
methods, but is tedious.
iii) The hydrometer method is unsuitable for sediment transport
studies, because very few liquid samples are dense enough for direct
analysis.
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METHODS AND MATERIALS
The Sedigraph 500(/^Partlcle Size Analyzer is capable of measuring
the sedimentation rates of particles in suspension and automatically
presenting the data as a cumulative percent finer distribution in terms
of Stokesian or equivalent spherical diameter in microns (ym). This
instrument uses x-ray attenuation to continuously measure sediment con
centrations in a small sedimentation cell, as a function of time and
depth.
The sedigraph method depends on Stokes' law, which applies as long
as the particle Reynolds number is less than 0,3 to 0.5 (within 3% error
of Stokes* law validity). The sedimentation rate is measured by a trans-
mittance of x-rays through the suspension relative to the suspending
fluid. The x-ray attenuation is directly proportional to the concentra
tion of suspended solids.
The instrument typically yields particle diameter distribution over
the range 50 to 0.18 ym. It is necessary to make a "rate" calculation
using the particle density, liquid density and viscosity, and the
starting diameter as variables. This parameter is used as a setting on
the Instrimient so that the graphic display corresponds to the correct
size measurement. The time required for analysis is inversely propor
tional to particle-liquid density difference and to the minimum size
desired.
Specifically, the radiation from the x-ray tube (1), see Figure 41,
with its associated power supply (2) is collimated by horizontal slits
(3) and (4) to a beam 0,0051 cm high and 0.9525 cm wide. The x-ray beam
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passes through a sedimentation, cell (5) located midway between the col-
limating slits. The cell is of rectangular cross section, having inter
nal dimensions of 1.27 cm width, 3.4925 cm height, and 0.3175 cm
thickness; the windows are normally of 0.15875 cm thick Homalite. The
transmitted radiation is detected by means of a scintillation counter
(6). The detected pulses are amplified, passed through a noise dis
criminator, and then clipped to a constant voltage, after which they pass
to a diode pump circuit which produces a current proportional to the
count rate and therefore to the x-ray intensity. When the cell is filled
with a suspension, a net output signal is produced that is directly pro
portional to the concentrations of particles at the level of the cell
that intercepts the x-ray beam. This signal is applied to the Y-axis of
the X-Y recorder (11); the zero point corresponds to the 0% particle
concentration. The signal produced when the cell is filled with suspen
sion at its initial concentration is readily scaled to a reading of
100% by adjustment of the recorder sensitivity control.
The logarithm of the transmitted x-ray intensity is electronically
generated, scaled, and presented linearly as "Cumulative Mass Percent
Finer" on the Y-axis of the X-Y recorder. To minimize the time required
for analysis, the position of the sedimentation cell is continuously
changed so that the effective sedimentation depth is inversely related
to elapsed time. The cell movement is synchronized with the X-axis of
the X-Y recorder to indicate the equivalent spherical diameter corre
sponding to the elapsed time and instantaneous sedimentation depth. The
size information is presented logarithmically on a three cycle scale
(Micromeritics Instrument Corporation, 1973), see Figure 42.
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The Instruction Manual for Sedigraph SOOO'^ , Micromeritics Instrument
Corporation provides specific operating procedures.
There are a number of reasons for representing particle size dis
tributions graphically. One of these is that graphs present the data in
such a form that one may learn at a glance something of the variation of
data. Also, graphical representation is an excellent method of reporting
data or recording for further reference. Graphs are much more concise
than long tables of measurements in their original form (Cadle, 1955).
The shape and slope of the particle-size distribution curve are consid
ered to be of more importance than arbitrary grain-size limits (Roderick,
1972).
The sample preparation and analysis method may best be described as
a flow chart (Figure 43). These laboratory procedures were chosen to
analyze a large number of samples quickly and precisely. Note that
these procedures only include the determination of aggregate-size dis
tributions, not primary particle size distributions. Kemper and Chapil
(1965) state that any determination of aggregate-size distributions is
also, in one sense, a determination of aggregate stability, because some
force is necessary to disintegrate the soil mass into aggregates. The
forces involved in aggregate size and stability studies are generally
(1) impact and shearing forces administered while taking and preparing
the samples, (2) abrasive and impact forces during sieving, and/or (3)
forces involved in the entry of water into the aggregate. These forces
can generally be related to (1) cultivation, (2) erosion (wind and water),
and (3) wetting of soils, respectively.
Suspended sample
Decantation of sus
pending liquid after
sufficient settling
(60,000 ppm)
Representative 50 ml
sample by quickly
pouring through
funnel
Sedigraph 5000 x-ray
analysis
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Non-suspended sample
Wet sieving
2 - 4 ram sample » oven dry
1.18-2 ram sample ^ oven dry
62 U -1.18 mm sample 5»>V.A. tube
<62'M suspended sample
Figure 43. Laboratory procedure flow chart
Concentration of runoff samples, which had about 3000 to >100,000 ppm
sediment, to 60,000 (6%) was accomplished by decantation. Checks were
made to determine that fine particles were not decanted with the water.
This was done by measuring solids concentrations of the decanted liquid
and comparing it with a centrifuged sample. The settling time for
samples prior to decantation was usually about 2 weeks. A representative
sample was then taken for the sedigraph by shaking vigorously and
quickly pouring out 50 ml through a funnel.
108
Non-suspended samples were wet soil from creek beds or banks,
eroded soll> or in—place soil. Care was taken not to allow these
samples to completely dry out prior to wet sieving for fear of aggre
gate alteration with the re-addition of water. Runoff water, with its
natural load of dissolved solids was used as a suspension fluid. These
samples had been wet sieved with a pre-determined amount of suspending
liquid so as to obtain the 6% concentration that is required by the
sedigraph.
In addition to designing laboratory procedures to fit the require
ments of the Sedigraph 500(0, several tests were conducted to compare
sedigraph results with the traditional pipette method. Also, tests in
cluding particle size results of a given sample as a function of time,
dispersion effects, and a larger sample cell comparison with the existing
sedimentation cell were carried out.
One comparison study on a large field sample from site 2 in the
Four Mile Creek watershed (see Part I) was carried out by Zoreh Shahvar
(1978). The large field sample was air dried and the fine fractions
were separated by hand sieving through a 2 mm sieve, and mixed using an
electric mixer. The sample was kept in a plastic bag to maintain the
moisture content at a constant level. Sodium pyrophosphate (Na^p20y)
was used as a dispersing agent at different concentrations: (1) 0.02
Normal, (2) 0.1% on soil basis, (3) 0% - no dispersing agent. Also the
effect of organic matter was measured. Organic matter was removed by
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the addition of 30% hydrogen peroxide (^2^2^» approximately 1 ml per
gram of soil. Comparisons between the sedigraph and pipette were measured
at 3% and 6% soil concentrations by weight. Further runs were made with
the pipette at 0.5% and 1% concentrations.
Another study was performed to compare the sedigraph and pipette
results between loess soils which were dispersed with Calgon and air-jet
turbulence, and those with air-jet turbulence only.
One other short experiment was completed on the effect of dispersing
agent amounts added to the same soil sample when consecutive runs were
made on the sedigraph. The amounts of dispersing agents varied from
0.004 NNa^P207.10H20 to 0.05N Na4P207 .IOH2O.
A study was made of the particle-size distribution of soil suspended
in runoff water as a function of time after runoff. The sample was ana
lyzed 36, 44, 53 and 77 hr, and 7, 8, 9, 10, 11, 13, 15, 30 and 90 days
after being taken.
One other comparison was made relating to the sedigraph. This com
pared results of a larger sample cell (same heights and widths, but twice
the thickness i.e. 0.635 cm. It was thought that by increasing the
volume of the traveling cell sample, the necessary concentration for
analysis would be reduced and perhaps provide better agreement with the
pipette method. This required alteration of the sedigraph itself, i.e.
increasing the power voltage and thus increasing the x-ray intensity.
This increased intensity could have an unknown effect on the machine
components (e.g. x-ray absorber); when this was learned the experiment
110
was halted and the sedigraph returned to its normal state. Partial
results of this experiment are reported.
Ill
RESULTS AND DISCUSSION
The procedures previously described were used in completion of exper
iments to determine the effects of concentration, organic matter, and
amount of dispersant on sedigraph method results. Results are from a
complete factorial analysis involving pipette and sedigraph methods,
organic material, dispersing agent concentration, and soil concentration
for a sample of Tama silt loam (Shahvar, 1978). The comparison of sedi
graph method and pipette method for loess soils is reported, together with
the effect of time on aggregate-size distributions. The effect of using a
larger sedimentation cell is also reported.
The effect of suspended soil concentration on size distribution
determined by the sedigraph method is shown in Figure 44 for the 3% and
6% concentrations. Results show as much as a 3% difference in cumulative
mass percent at a particular particle size. The entire distribution at
the 6% soil concentration level shows more fine material than the 3% soil
concentration level.
The effect of sodium pyrophosphate (Na^p20^) on size distribution
determined by the sedigraph method is shown in Figure 45 for the 0.02
Normal, 0.1% dry weight of soil basis, and 0% (no dispersing agent)
levels. The graph does not show close agreement between the three curves.
Results differ by as much as 3% cumulative mass percent between 0.02
Normal and 0% dispersing agent. Zero percent dispersing agent shows the
least amount of fine material throughout the size distribution as would
be expected.
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The effect of organic matter on size distribution determined by the
sedigraph method is shown in Figure 46 for with and without organic
matter cases. Results show that the presence of organic material does
not have much effect on the size analysis of particles greater than 20 lim.
Results do show a difference of up to 5% cumulative mass percent when
analyzing particles less than 20 ym.
The most widely accepted procedure for particle-size analysis is the
standard pipette method. This traditional method requires 0.5% soil con
centration by weight; the sedigraph method requires 6% concentration. The
comparison of the two methods for Tama silt loam is shown in Figures 47
through 52 at varying dispersing agent concentrations - 0.02 Normal
Na^P^O^, 0,1% (dry weight of soil basis) Na^P^O^, and 0% (no dispersing
agent). Figures 47 through 49 show results with organic matter, and
Figures 50 through 52 show results without organic matter. In all cases,
the sedigraph generally perceives more fine material than the pipette.
When 0.02 NNa^P20^ was used as a dispersant, the pipette indicated more
fine material in the less than 8 y™ range. When 0.1% Na^P^O^ was used,
the sedigraph perceived more fine material throughout the size distribu
tion. When tests are run for the aggregate size distribution, the pipette
indicates more fine material only in the less than 1.5 ym range. When
organic matter is removed, the results of the two methods show the same
trends and the relationships are even more pronounced.
Another comparative test between the pipette and sedigraph methods
involved air-jet dispersion with and without the addition of Calgon.
Approximately 10 g of loess sample passing a #40 (0.42 mm) sieve was
oven dried and suspended with 100 ml of distilled water; 10 ml of
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— Standard pipette (0.5%) vs.
"b Sedigraph (6%)
wO
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•
Dispersing agent
0.02N Na^P^O^
cn
With organic matter / y
MRS:5,00
1
PIPETTECUM.,02 5
O 1
0
V I 1
.00 2.50 5.GO
SEDIGRflPH CUM MASS
1 1
7.50 10.00
% txio' J
Figure 47. Standard pipette (0.5%) vs. Scdigraph (6%)
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Figure 48. Standard pipette (0,5%) vs. Sedigraph (6%)
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Standard pipette (0.5%) vs
Sedigraph (6%)
No dispersing agent
With organic matter
1 r
0.00 2.50 5.00 7.50 10.00
SEQIGRflPH CUM MASS /C cxio' i
Figure 49. Standard pipette (0.5%) vs. Sedigraph (6%)
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Standard pipette (0.5% vs
Sedigraph (6%)
Dispersing agent
0.02N Na,P«0^
Without organic matter
a~l I I r
0.00 2.50 5.00 7.50 10,00
SEDIGRflPH CUM MASS 7. txio' J
Figure 50. Standard pipette (0.5%) vs. Sedigraph (6%)
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Standard pipette (0,5%) vs.
Sedigraph (6%)
Dispersing agent
0,1% Na,P«0, (soil basis)
4 2 7
Without organic matter
1 1 1 r
0.00 2.50 5.00 7.50 10.00
SEDIGRflPH CUM HRSS X uio* i
Figure 51. Standard pipette (0.5%) vs. Sedigraph (6%)
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Standard pipette (0.5%) vs
Sedigraph (6%)
No dispersing agent
Without organic matter
on T 1 1 r
0.00 a.50 5.00 7.50 10.00
SEDIGRRPH CUM HRSS % (xio' i
Figure 52. Standard pipette (0,5%) vs. Sedigraph (6%)
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dispersing agent was added to this soil-water suspension. The dispersing
agent was composed of a 4.8% solution of Calgon (sodium hexametaphos-
phate) buffered with 0.8% sodium carbonate. Distilled water was added to
produce a total suspension of 250 ml. Dispersion was attained utilizing
the air-jet dispersion apparatus described by Chu and Davidson (1953).
Some samples were dispersed by air-jet dispersion without the addition of
Calgon solution. Portions of the same sample were analyzed by pipette
and sedigraph methods. Results are shown in Figures 53 and 54. These
findings are similar to those of previous experiments; the sedigraph
generally detects more fines in the greater than 8 ym region, and more
coarse material in the less than 8 Uni range than the pipette does.
Results of analysis of the same runoff samples over time are shown
in Figure 55. It should be noted that the sample was centrifuged to
acquire the necessary concentration soon after sampling. These results
show that when measuring an aggregate-size distribution over a span of
90 days, the results are within a 5% range of cumulative mass percent.
It is felt that the true aggregate-size distribution would best be
measured soon after sampling.
Results of varying amounts of dispersing agents, i.e. 0.004 NNa^P^O^,
0.0132 Normal, 0.0224 Normal, 0.0316 Normal, 0.0408 Normal, and 0.05
Normal Na^p20^, are shown in Figure 56, Dispersant solution was added to
the sample after each consecutive run. It was found that as the amount of
dispersing agent increased, dispersed aggregates resulted in reduction of
fall velocities, and more fine material in the distribution curve. No
optimum dispersing agent concentration was found.
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Figure 53, Standard pipette (0.5%) vs. Scdigraph (6%)
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Standard pipette (0.5%) vs
Sedigraph (6%)
Dispersing agent
Calgon and air-jet
Loess soils
o~i r
0.00 E.50 5.00 7.50 10.00
SEOIGRflPH CUM MASS X txio' i
Figure 54. Standard pipette (0.5%) vs. Sedigraph (6%)
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Results of five tests of large cell comparisons are shown in Figures
57 through 61. All results indicate less fine material was analyzed by
the large sedimentation cell. This Indicates an increase of fall veloc
ity in the same samples after being introduced into the large cell.
Results show the preciseness and accuracy (at least for garnet) of
the sedigraph method. A sample of 11 \im garnet was analyzed December
6, 1978 and June 19, 1978 (Figure 62) and almost no difference was indi
cated .
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SUMMARY AND CONCLUSIONS
The sedigraph method which utilizes a collimated beam of x-rays is a
fast and precise method of particle-size analysis. The traveling sedimen
tation cell moving at a pre-determined rate, reduces the normally long
period of time required for particle-size analysis with the traditional
pipette and hydrometer methods. A complete size distribution is obtained
rather than just points at specific sizes in the distribution as with
the pipette and hydrometer methods. The size information is presented
logarithmically on a three cycle scale. This graphical representation
presents data in such a manner that one may learn at a glance something
of the particle-size distribution.
Laboratory procedures have been defined for the particle-size measure
ment of soil suspended in runoff samples and soil samples from monitored
fields. However, these procedures are only for the determination of
aggregate-size distributions, not primary particle-size distributions.
Sedigraph results have been compared to results from the traditional
pipette method. The consistency in comparison results, i.e. the sedigraph
method generally perceived more fine material than the pipette, may in
dicate that the differences in the methods themselves may be quantifiable.
A larger sedimentation cell (thicker width) decreased the necessary
soil concentration from 6% to about 3.8%. Sedigraph results with concen
trations less than 6% show less fine material in the distribution due to
increased fall velocities. This may indicate less particle interaction
either in the form of flocculation, or turbulence and a more accurate
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result. However, use of the larger cell requires additional electronic
changes which may be detrimental to the instrument.
This group of short experiments and procedures has allowed famil
iarization with the sedigraph and its problems and capabilities. Future
research could involve determining an optimum dispersing agent concentra
tion for accurate measurement of primary particle sizes. A larger sedi
mentation cell could be refined in order to decrease the required soil
concentration for analysis. Also, the true relationship between the sedi
graph and standard pipette method could be examined further in hopes of
defining a mathematical relationship between results of the two methods.
With the existing and future answers, the sedigraph method may become
a more widely accepted procedure for fast and precise particle-size
measurement by soil scientists and engineers.
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APPENDIX A. STORM RUNOFF. CUMULATIVE PRECIPITATION, AND
SEDIMENT CONCENTRATION
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Figure 63. Storm runoff, cumulative precipitation, and sediment con
centration for site 1, 4/19/77
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Figure 64. Storm runoff, cumulative precipitation, and sediment
centration for site 8, 4/19/77
145
TOTftL PHECIP 20.07 HM
4/20/774/19/77
SITE 5
OflTE 14 19 77
OISCHflRGE
SEDIMENT X
TOTftL RUNOFF 0.09 MM
JC
\ *
l\ ^
12000
0.250-
U
liJ 0.200
tn
X
s:
UJ0.150
CO
(T
CE
X
C-1
iSo-lDO
O
O.OSO-
0.000
Q BOO 1600 0 BOO
TIME, HR
1600
r 10000 Q-
Q-
- 8000
- uooo
- 2000
D
d
0=
UJ
D
(_)
lU
a
UJ
(f)
Figure 65. Storm runoff, cumulative precipitation, and sediment con
centration for site 5, ^119/77
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Figure 66. Storm runoff, cumulative precipitation, and scdlncnt con
centration for site 1, 8/15/77
1A7
TOTHL PRECIP 35.71 HM
• 20.0
<40.0
<_) 60.0
0.060 50000
0.050-
SITC 2
OfiTE 8 15 77
DISCHARGE
SEDIMENT K
TOTAL RUNOFF 0.80 MM
::
K
1:
1
1c
K
K
K
^1
- 50000
0-
Q_
u
LUO. 0140-
(n
m
s:
*
UJ 0. 030-
CD
az
d
X
u
020-
Q
0.010^
0.000
1800 1900 2000 2100 2200
TIME, HR
2300
D
140000 —•
J—
d
01
liJ
30000 CJ
-Z.
D
O
^ 20000
lU
a
UJ
in
h 10000
Figure 67. Storm runoff, cumulative precipitation, and scdlnent con
centration for site 2, 8/15/77
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Figure 68. Storm runoff, cumulative precipitation, and sediment con
centration for site 4, 8/15/77
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Figure 69. Storn runoff, cumulative precipitation, and sodinont con
centration for site 1, 4/17/78
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Figure 70. Storm runoff, cumulative precipitation, and sediment con
centration for site 2, 4/17/78
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Figure 71. Storm runoff, cumulative precipitation, and sediment con
centration for site 8, 4/17/78
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Figure 72. Storm runoff, cumulative precipitation, and sediment con
centration for site 5, 4/17/78
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Figure 73. Storm runoff, cumulative precipitation, and sediment con
centration for site 4, 4/17/78
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Figure 74. Storn runoff, cunulative precipitation, and godiiacnt con-
for site 1, 5/27/78
Q.D
20.0
(_J 30.0
1.200-
1.000-
o
LiJO. 800-
tn
(n
s:
LUO. 600-
CD
CO
cr
u
100-
Q
0.
1
o
D
<U
0.000
1600 1630
155
TCTTflL PRECIP 28.145 HH
SITE 2
OftTE 5 27 79
DISCHfiRGE
SEDIMENT K
TOTRL RUNOFF 10.23 MM
30000
- 25000
Q_
Q_
O
- 20000
cr
or
UJ
• 15000 (_)
z
o
u
- 10000
UJ
- 5000
Q
UJ
CO
1700 1730 1800
TIME, HR
1830 1900
Figure 75. Storm runoff, cumulative precipitation, and sediment con
centration for site 2, 5/27/78
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Figure 77. Storm runoff, cumulative precipitation, and sedimGnt con
centration for site 1, 5/31/78
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Figure 78. Storm runoff, cumulativG precipitation, and sedinent con
centration for site 2, 5/31/78
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Figure 79. Storm runoff, cumulative precipitation, and sediment con
centration for site 1, 6/15/78
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Figure 80. Stom runoff, cumulative precipitation, and sediment con
centration for site 2, 6/15/78
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Figure 81, Stom runoff, cumulative precipitation, and sediment con
centration for site 3, 6/15/73
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Figure 82. Storm runoff, cumulative precipitation, and sediment con
centration for site 5, 6/15/78
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Figure 83. Storm runoff, cumulative precipitation, and sediment con
centration for site 4, 6/15/78
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Figure 84. Storn runoff, cumulative precipitation, and sediment con
centration for site 1, 6/20/78
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Figure 85, Storm runoff, cunulative precipitation, and sedinent con
centration for site 2, 6/20/78
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